Cold sprayed WC-Co metal matrix composite coatings have shown great potential in wear-resistance applications. This work aims to use experimental and numerical methods to clarify the deposition and particle-substrate bonding behavior of a single porous WC-17Co particle onto various substrates. To achieve this objective, porous WC-17Co particles were used as the feedstock; soft Al 2024 (Al alloy) and hard stainless steel 316 (SS) were used as the substrates. The experimental results revealed that brittle WC-Co particles tended to remain intact after depositing on a soft Al alloy substrate, but underwent serious fracture when impacting on a hard SS substrate. Further results indicated that the high energy dissipation and the consequent high stress concentration in the WC-Co particle was the main reason for inducing the particle fracture. In addition, two different mechanical interlocking mechanisms were identified during the WC-Co particle deposition process (namely WC reinforcement interlock and WC-Co particle interlock), dominating the particle-substrate bonding. A soft Al alloy substrate resulted in better interlocking than a hard SS substrate, thereby the corresponding particle bonding ratio was also much higher.
Introduction
WC-Co metal matrix composite (MMC) coatings have been widely used for preventing the underlying substrate materials from severe wear in aggressive environments. Fusion-based thermal spray technologies combined with agglomerated powders are primarily used to produce such WC-Co thin-films or coatings. During the thermal spray processes, the metallic Co matrix phase has to be completely melted upon impact to consolidate the agglomerated powders and to form the coating [1, 2] . However, the substrate material's fusion always brings negative effects to the WC-Co coatings, such as decarburization, phase transformation and oxidation. These shortcomings significantly deteriorate the coating's mechanical properties and wear-resistance performance [1] [2] [3] [4] .
For the purposes of eliminating the adverse effects of the thermal spray technologies, much effort has been devoted to exploring alternative technology. Cold spray (also known as cold gas dynamic spray, kinetic spray or super particle deposition), as a low-temperature coating and additive manufacturing process, enables materials to be deposited without exceeding their melting temperatures. Cold sprayed coatings, therefore, greatly retain the original properties of their starting feedstock, effectively preventing the coating defects associated with high-temperature thermal spray processes [5] . Investigations on cold sprayed WC-Co coatings have been conducted during past
Experimental Methodology
Agglomerated WC-17Co (−48 + 10 µm, Xinke, Wuxi, China) powders with spherical shape were used as the feedstock. Figure 1 shows the surface morphology and cross-sectional view of a WC-Co particle observed by SEM (Carl Zeiss ULTRA, Oberkochen, Germany). The sizes of the carbides and the pores and the amount of the pores in the composite coatings, were acquired using image analysis, which was employed in the simulation model. Particles were deposited onto polished Al 2024 (Al alloy) and stainless steel 316 (SS) substrates using a self-developed cold spray system (Trinity College Dublin, Dublin, Ireland). The system consists of compressed nitrogen/helium gas from cylinders, gas heater, powder feeder, computer numerical control working platform for controlling the substrate movement, Laval nozzle and computer control system [23] . In this work, nitrogen at the pressure of 3.0 MPa and temperature of 400 • C was applied as the propulsive gas for single WC-Co particle deposition. Nozzle standoff distance and traversal speed were set as 35 mm and 300 mm/s, respectively. For characterizing the deposition features of a single WC-Co particle on different substrates, the surface morphology and cross-sectional view of the deposited particles, and the surface morphology of the substrate surface were observed by SEM. The bonding ratio of WC-Co particles onto various substrates was calculated by the following equation
where BR is the particle bonding ratio, N D is the number of deposited particles and N C is the number of craters. Data were selected from three different locations on each sample and then averaged. respectively. For characterizing the deposition features of a single WC-Co particle on different substrates, the surface morphology and cross-sectional view of the deposited particles, and the surface morphology of the substrate surface were observed by SEM. The bonding ratio of WC-Co particles onto various substrates was calculated by the following equation, = , where BR is the particle bonding ratio, ND is the number of deposited particles and NC is the number of craters. Data were selected from three different locations on each sample and then averaged. 
Numerical Methodology
A simplified finite element model, based on an ABAQUS platform (ver. 6.12), was employed to evaluate the deformation behavior of a single WC-Co particle. According to the details of the real powder used in the experiment, the WC-Co particle in the computational model was given a spherical shape with the diameter of 25 µm. Figure 2 shows the geometry and local meshing of the WC-17Co particle. Co was used as the matrix phase with a large amount of inclusive spherical WC reinforcements. The diameter of the WC reinforcement was defined as 0.5 µm. Five spherical pores with the diameter of 2 µm were introduced in the WC-Co particle to roughly describe the porous structure. The particle and substrate were partitioned by the three-node triangular and four quadrilateral elements, respectively. Planar strain model with Lagrangian algorithm and dynamic explicit procedure was applied to build and solve the computational model. Fixed boundary condition was enforced to the substrate bottom and lateral. Contact process was implemented by using the surface-to-surface kinematic contact algorithm with balanced contact pair formulation. The substrate materials were described by the Johnson and Cook (JC) plasticity constitutive model, which accounts for strain, strain-rate hardening, as well as thermal softening. The JC parameters for Al alloy and SS can be found in References [26] [27] [28] . The matrix phase Co was described by isotropic plastic model; its elastic parameters were picked from Reference [29] and plastic data were collected from the real stress/strain curve in Reference [30] . The WC reinforcements were roughly considered to be rigid object and hence described by linear elastic model with a very high elastic modulus. Particle velocity and temperature were set as 528 m/s and 211 • C respectively, according to the computational result using Computational Fluid Dynamics (CFD). 
A simplified finite element model, based on an ABAQUS platform (ver. 6.12), was employed to evaluate the deformation behavior of a single WC-Co particle. According to the details of the real powder used in the experiment, the WC-Co particle in the computational model was given a spherical shape with the diameter of 25 μm. Figure 2 shows the geometry and local meshing of the WC-17Co particle. Co was used as the matrix phase with a large amount of inclusive spherical WC reinforcements. The diameter of the WC reinforcement was defined as 0.5 μm. Five spherical pores with the diameter of 2 μm were introduced in the WC-Co particle to roughly describe the porous structure. The particle and substrate were partitioned by the three-node triangular and four quadrilateral elements, respectively. Planar strain model with Lagrangian algorithm and dynamic explicit procedure was applied to build and solve the computational model. Fixed boundary condition was enforced to the substrate bottom and lateral. Contact process was implemented by using the surface-to-surface kinematic contact algorithm with balanced contact pair formulation. The substrate materials were described by the Johnson and Cook (JC) plasticity constitutive model, which accounts for strain, strain-rate hardening, as well as thermal softening. The JC parameters for Al alloy and SS can be found in References [26] [27] [28] . The matrix phase Co was described by isotropic plastic model; its elastic parameters were picked from Reference [29] and plastic data were collected from the real stress/strain curve in Reference [30] . The WC reinforcements were roughly considered to be rigid object and hence described by linear elastic model with a very high elastic modulus. Particle velocity and temperature were set as 528 m/s and 211 °C respectively, according to the computational result using Computational Fluid Dynamics (CFD). Figure 3 shows the surface morphology of a WC-Co particle after deposition onto Al alloy and SS substrates. Clearly, the substrate materials posed significant impact on the particle deposition features. For the Al alloy substrate, the particle penetrated deeply and almost entirely embedded into it because most of the particle's kinetic energy was dissipated by soft Al alloy material through plastic Figure 3 shows the surface morphology of a WC-Co particle after deposition onto Al alloy and SS substrates. Clearly, the substrate materials posed significant impact on the particle deposition features. For the Al alloy substrate, the particle penetrated deeply and almost entirely embedded into it because most of the particle's kinetic energy was dissipated by soft Al alloy material through plastic deformation during the impact. In contrast, the SS substrate, due to the higher hardness, could not dissipate too much impact energy, only experiencing slight plastic deformation. This result is quite similar to the particle deposition feature as reported in Reference [6] . For further investigation, Figure 4 shows the cross-sectional view of a WC-Co particle after deposition onto Al alloy and SS substrates. It is noticed that the WC-Co particles experienced plastic deformation of varying degree in both cases. The plastic deformation was relative small compared to the ductile metals, which is probably due to the high triaxial stress state in the WC-Co particle [31] . Moreover, although both particles did not experience plastic deformation, their morphology after deposition exhibited obvious difference. The particle depositing on the Al alloy substrate retained a completely spherical shape. But the one depositing on the SS substrate suffered from serious fracture, showing many open cracks as marked by the white arrows and a long crack at the particle-substrate interface as marked by the white dotted line (Figures 3b and 4b) . The difference is also attributed to different substrate hardness. As addressed above, the soft Al alloy substrate could act as a buffer, dissipating most of the particle's kinetic energy. Therefore, the WC-Co particle itself did not absorb too much energy during the impact and retained its original status. However, for the SS substrate that only experienced slight deformation, the particle's kinetic energy was mostly imposed onto the particle. The WC-Co particle is very brittle, thereby its plastic deformation was prevented. In this respect, the impact energy can only be dissipated through fracture of the particle. particle depositing on the Al alloy substrate retained a completely spherical shape. But the one depositing on the SS substrate suffered from serious fracture, showing many open cracks as marked by the white arrows and a long crack at the particle-substrate interface as marked by the white dotted line (Figures 3b and 4b) . The difference is also attributed to different substrate hardness. As addressed above, the soft Al alloy substrate could act as a buffer, dissipating most of the particle's kinetic energy. Therefore, the WC-Co particle itself did not absorb too much energy during the impact and retained its original status. However, for the SS substrate that only experienced slight deformation, the particle's kinetic energy was mostly imposed onto the particle. The WC-Co particle is very brittle, thereby its plastic deformation was prevented. In this respect, the impact energy can only be dissipated through fracture of the particle. In addition to the cracked particles as shown in Figures 3b and 4b , Figure 5 shows more fracture modes of WC-Co particles after impacting onto SS substrate. Due to difference of particle kinetic energy and porosity and location in the particle, WC-Co particles experienced different fracture modes during deposition. Based on the fracture degree from low to high, fracture modes can be particle depositing on the Al alloy substrate retained a completely spherical shape. But the one depositing on the SS substrate suffered from serious fracture, showing many open cracks as marked by the white arrows and a long crack at the particle-substrate interface as marked by the white dotted line (Figures 3b and 4b) . The difference is also attributed to different substrate hardness. As addressed above, the soft Al alloy substrate could act as a buffer, dissipating most of the particle's kinetic energy. Therefore, the WC-Co particle itself did not absorb too much energy during the impact and retained its original status. However, for the SS substrate that only experienced slight deformation, the particle's kinetic energy was mostly imposed onto the particle. The WC-Co particle is very brittle, thereby its plastic deformation was prevented. In this respect, the impact energy can only be dissipated through fracture of the particle. In addition to the cracked particles as shown in Figures 3b and 4b , Figure 5 shows more fracture modes of WC-Co particles after impacting onto SS substrate. Due to difference of particle kinetic energy and porosity and location in the particle, WC-Co particles experienced different fracture modes during deposition. Based on the fracture degree from low to high, fracture modes can be In addition to the cracked particles as shown in Figures 3b and 4b, Figure 5 shows more fracture modes of WC-Co particles after impacting onto SS substrate. Due to difference of particle kinetic energy and porosity and location in the particle, WC-Co particles experienced different fracture modes during deposition. Based on the fracture degree from low to high, fracture modes can be classified into three groups as shown Figure 5 : Open crack, partly fractured and complete fracture. These fracture modes further demonstrate the role of substrate in the WC-Co particle deposition features. Furthermore, from Figure 5c , pores can be clearly seen on the fracture surface as marked by white arrows. This phenomenon may suggest that inner pores may be the weak point where fracture tends to take place. 
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Modelling of a Single WC-Co Particle Impacting onto Al Alloy and SS Substrates
For further understanding the fracture behavior of WC-Co particles upon impact, Figure 6 shows the simulated PEEQ (Equivalent Plastic Strain) distribution within the WC-Co particles that impacted onto Al alloy and SS substrates. Apparently, after being completely deformed, the Al alloy substrate experienced more prominent plastic deformation than the SS substrate, which accords with the experimental observation. Moreover, in both cases, due to the occurrence of stress concentration in the particle, the PEEQ mainly concentrated along the alignments of the particle inner pores. Most importantly, the particle on the SS substrate had much higher PEEQ than that on the Al alloy substrate, which clearly explained why fracture only took place in the particle depositing on the SS substrate. Fracture may take place from an inner pore, propagating along the stress concentration band to break the WC-Co particle [32, 33] . This is consistent with the experimental observation in Figure 5c where many pores could be observed on the fracture surface. Note that the current simplified model does not consider the fracture of the WC-Co particle. In a realistic situation, a particle depositing on the SS substrate would already have fractured before experiencing such large plastic deformation. Figure 7 shows the SEM imaging of surface morphology of Al alloy and SS substrates after the impact of WC-Co particles. As can be seen, most of the WC-Co particles were successfully deposited 
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For further understanding the fracture behavior of WC-Co particles upon impact, Figure 6 shows the simulated PEEQ (Equivalent Plastic Strain) distribution within the WC-Co particles that impacted onto Al alloy and SS substrates. Apparently, after being completely deformed, the Al alloy substrate experienced more prominent plastic deformation than the SS substrate, which accords with the experimental observation. Moreover, in both cases, due to the occurrence of stress concentration in the particle, the PEEQ mainly concentrated along the alignments of the particle inner pores. Most importantly, the particle on the SS substrate had much higher PEEQ than that on the Al alloy substrate, which clearly explained why fracture only took place in the particle depositing on the SS substrate. Fracture may take place from an inner pore, propagating along the stress concentration band to break the WC-Co particle [32, 33] . This is consistent with the experimental observation in Figure 5c where many pores could be observed on the fracture surface. Note that the current simplified model does not consider the fracture of the WC-Co particle. In a realistic situation, a particle depositing on the SS substrate would already have fractured before experiencing such large plastic deformation. Figure 7 shows the SEM imaging of surface morphology of Al alloy and SS substrates after the impact of WC-Co particles. As can be seen, most of the WC-Co particles were successfully deposited on the Al alloy substrate and remained intact after impact. Some fractured particles can also be seen, Figure 7 shows the SEM imaging of surface morphology of Al alloy and SS substrates after the impact of WC-Co particles. As can be seen, most of the WC-Co particles were successfully deposited on the Al alloy substrate and remained intact after impact. Some fractured particles can also be seen, which may be caused by either insufficient particle cohesion strength or the impact of the following incident particles. In contrast, on the SS substrate surface, many craters and only few fractured WC-Co particles were left after impact. It is hard to find an intact WC-Co particle; all deposited particles were seriously fractured. The bonding ratio measurement revealed that the soft Al alloy substrate led to a bonding ratio of 67.1%, much higher than the SS substrate (23.8%). In addition, many tiny particle debris were found to be trapped on the Al alloy substrate surface but they were not found on the SS substrate. These phenomena clearly demonstrated the superiority of soft Al alloy substrate for WC-Co particle deposition. substrate. These phenomena clearly demonstrated the superiority of soft Al alloy substrate for WCCo particle deposition. It has been addressed in the above text that WC-Co particles were very brittle and almost underwent no plastic deformation during the deposition process. Under such a condition, adiabatic shear instability and the resultant temperature rise cannot occur in the Co phase of the WC-Co particles, which may significantly prevent the particle-substrate metallurgical bonding in both cases [34, 35] . Therefore, there must be other mechanisms to dominate the higher bonding ratio of WC-Co particles on the Al alloy substrate than on the SS substrate. To clarify this, Figure 8 shows the SEM imaging of crater surface on Al alloy and SS substrates after the particle detached. The morphology of the crater surfaces on the Al alloy substrate showed significant difference from the cater on the SS substrate. A large number of WC reinforcements were found to be trapped by the Al alloy substrate material to form a kind of interlock bonding. Such interlocking would help to promote the particlesubstrate bonding and the consequent particle bonding ratio. However, for the SS substrate, there are significantly less WC reinforcements trapped by the crater surface, which indicated the lack of such interlocking. On the other hand, for the highly deformed soft Al alloy substrate, the conventional particle-substrate mechanical interlocking also occurred much more easily compared with the hard SS substrate, which can further improve the particle-substrate bonding [7, 36] . These facts clearly explained why the bonding ratio of WC-Co particles depositing onto the Al alloy substrate was higher than on the SS substrate. Based on the above discussion, it is also plausible to infer that the bonding between the WC-Co particle and the substrate may be dominated by mechanical interlocking. It has been addressed in the above text that WC-Co particles were very brittle and almost underwent no plastic deformation during the deposition process. Under such a condition, adiabatic shear instability and the resultant temperature rise cannot occur in the Co phase of the WC-Co particles, which may significantly prevent the particle-substrate metallurgical bonding in both cases [34, 35] . Therefore, there must be other mechanisms to dominate the higher bonding ratio of WC-Co particles on the Al alloy substrate than on the SS substrate. To clarify this, Figure 8 shows the SEM imaging of crater surface on Al alloy and SS substrates after the particle detached. The morphology of the crater surfaces on the Al alloy substrate showed significant difference from the cater on the SS substrate. A large number of WC reinforcements were found to be trapped by the Al alloy substrate material to form a kind of interlock bonding. Such interlocking would help to promote the particle-substrate bonding and the consequent particle bonding ratio. However, for the SS substrate, there are significantly less WC reinforcements trapped by the crater surface, which indicated the lack of such interlocking. On the other hand, for the highly deformed soft Al alloy substrate, the conventional particle-substrate mechanical interlocking also occurred much more easily compared with the hard SS substrate, which can further improve the particle-substrate bonding [7, 36] . These facts clearly explained why the bonding ratio of WC-Co particles depositing onto the Al alloy substrate was higher than on the SS substrate. Based on the above discussion, it is also plausible to infer that the bonding between the WC-Co particle and the substrate may be dominated by mechanical interlocking.
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interlocking. On the other hand, for the highly deformed soft Al alloy substrate, the conventional particle-substrate mechanical interlocking also occurred much more easily compared with the hard SS substrate, which can further improve the particle-substrate bonding [7, 36] . These facts clearly explained why the bonding ratio of WC-Co particles depositing onto the Al alloy substrate was higher than on the SS substrate. Based on the above discussion, it is also plausible to infer that the bonding between the WC-Co particle and the substrate may be dominated by mechanical interlocking. 
Conclusions
In this work, the deposition and coating-substrate bonding behaviors of a single WC-17Co particle onto Al 2024 and SS 316 substrates were investigated by both experiments and numerical modelling. Based on the results and analysis, the following conclusions can be drawn:
Brittle WC-Co particles tended to remain intact after depositing on soft Al alloy substrate, but suffered from serious fracture when impacting on hard SS substrate, due to the differing hardness and energy dissipation.
The fracture of WC-Co particles during the deposition on SS substrate arose from the high energy dissipation and high stress concentration in the particle.
Mechanical interlocking may dominate the bonding between WC-Co particles and substrate. Soft Al alloy substrate resulted in better interlocking and thus higher particle bonding ratio than hard SS substrate.
